The influences of suspension design parameters on the performance of three different suspension seats under high magnitude excitations were investigated using the generalized analytical model developed and validated in the first part of this work. The model was initially applied to study the influences of variations in the seated mass and suspension ride height on the response characteristics. Additional laboratory experiments were conducted and the measured data were used to demonstrate the validity of the generalized model under such variations in operating conditions for all three-suspension seats. The influences of variations in design parameters that could affect the performance under high magnitude excitations, namely suspension damping properties (low-velocity compression mode damping, damping asymmetry and high velocity damping) and properties of the elastic end-stops, on the performance measures are presented. Such influences are assessed in terms of seat effective amplitude transmissibility (SEAT), vibration dose value (VDV) ratio, peak accelerationof the seated mass and the peak force developed by the elastic end-stops. The results of the study suggest that suspension dampers with medium to high compression damping, higher rebound damping and higher high-speed damping would be desirable to realize enhanced performance under high magnitude excitations. Elastic end-stops with low stiffness are desirable to reduce the severity of the end-stop impacts.
INTRODUCTION
Drivers of heavy road and off-road vehicles are either continuously or intermittently exposed to comprehensive magnitudes of low frequency whole-body vibration. Prolonged occupational exposure to such vibration has been associated with disorders of the lumbar spine and the connected nervous system (Griffin, 1990; Wilder, 1993; Bovenzi and Hulshof, 1998) . Low natural frequency suspension seats with either mechanical or air springs are widely used to reduce the transmission of potentially injurious vibration and shock motions to the seated drivers. The vibration transmission performance of suspension seats could be grouped into three classes on the basis of the magnitude of the vibration excitation. Under low magnitude excitations, the suspension may exhibit lock-up behavior due to friction and the exposure to vibration of such low magnitude could be regarded as insignificant. A suspension seat yields either attenuation or amplification of vibration under continuous vehicular vibration in the absence of contacts with motion limiting buffers.
The high magnitude vehicular vibration may cause suspension seat topping or bottoming and thus transmit considerably large magnitudes of motion to the occupant. Such motions are characterized by intense magnitude vibration of intermittent or repetitive nature and may result in increased risk of injury and human discomfort (Wu and Griffin, 1998) . The suspension performance under such excitations is mostly dependent upon the elastic properties of the buffers, the suspension travel and suspension damping. The majority of the standardized assessment methods focus on seat suspension performance within the second category involving continuous vibration excitations (ISO-7096, 2000; ISO-2631 ISO- /1, 1997 ISO-10326-1, 1992) , which also requires the use of human subjects. Such methods could not be applied for assessment of suspension performance under high magnitude excitations within the third category due to associated ethical concerns. The use of proven models to assess the performance characteristics under high magnitude excitations would thus be desirable.
The interactions with the elastic buffers under high magnitude excitations could be induced by high magnitude vehicle vibration in the vicinity of the suspension seat resonance, and/or by inadequate suspension height adjustment, in the absence of an automatic ride height adjustment mechanism. Off-road vehicles, which are often unsuspended, are known to cause high magnitude vertical ride vibration in the vicinity of the resonant frequency of the vehicle supported on large and soft tires. Some examples of such vehicles include agricultural tractors that could cause frequency-weighted peak acceleration in the 8.5 to 53.2 m/s 2 range; forklift trucks driving over obstacles with frequency-weighted rms acceleration up to 2.5 m/s 2 , load-haul dump vehicles with peak frequency-weighted acceleration exceeding 20 m/s 2 (Sandover, 1998; Lovat et al., 1995; Village et al., 1989) . Such high magnitude excitations induce not only repetitive contacts of the suspension seat mechanism with the elastic end-stops, but may also cause intermittent loss of contact between the seated body and the seat. Heavy road vehicles, designed with soft air suspension for enhanced driver/passenger comfort and road friendliness, also yield high magnitude resonant oscillations of the vehicle body along the vertical axis near the bounce mode natural frequency, when subject to road irregularities, specifically the drain covers and potholes. Such resonant oscillations may cause seat suspension impacts with the buffers, since the natural frequency of the suspension seats employed in such vehicles is close to that of the vehicle sprung mass (Rakheja et al., 2001) .
Apart from the high magnitude excitations, the frequency and severity of end-stop impacts would also be greatly influenced by the suspension ride height. The suspension seats are designed to provide symmetric free travel in compression and rebound in order to utilize their maximum permissible travel. In the absence of an automatic ride height adjustment, the suspension height either below or above the mid-ride position may be encountered due to lack of operator's awareness or negligence or inadequate work-station design. The reduced permissible travel in either compression or rebound would cause more frequent and severe impacts against the end-stops under high magnitude excitations.
The generalized analytical model of the suspension seat developed and validated in the first part of this work is applied to identify suspension design parameters that would provide enhanced performance measures under high intensity excitations. The validity of the proposed model is further examined for varying ride height and the seated mass. A comprehensive parametric study is performed to study the influence of important design parameters, such as damping and buffer properties, on the suspension vibration isolation performance and severity of end stop impacts under high magnitude excitations.
METHODS
The general analytical model of the suspension seats, derived upon integration of proven component models and presented in the first part of this work, is applied to study the suspension performance under high magnitude excitations. The model is represented in Figure 1 and Table I summarizes the essential parameters affecting the performance under high magnitude excitations most significantly (travel, suspension damping and buffers' parameters) for the three candidate seats, referred to as A, B and C, and described in the first part (Rakheja et al., 2003) . The two-degreeof-freedom analytical model of the suspension seats, validated under nominal conditions involving 77 kg seated mass and mid-ride, is further applied to study the influence of variations in the occupant mass, ride height, excitations and selected suspension parameters. While a relatively large number of analytical models have been reported in the literature (Boileau et al., 1997 : Wu, 1998 Gunston, 2000; Rebelle, 2000; Rakheja et al., 1994) , their applicability under different occupant masses and ride heights has not been proven. Considering that the variations in the occupant mass supported by the seat would affect the effective natural frequency and damping ratio of the suspension seat, it would be desirable to examine the model validity over a range of occupant mass. The dependency of the occupant mass on the vibration attenuation performance of a suspension seat is also supported by the test procedure outlined in ISO-7096 (2000) . The applicability and validity of the proposed model is thus examined under different masses and ride-heights.
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Figure l
A generalized two-DOF model of suspension seats. 
Evaluation Criteria
The generalized model is analyzed to derive the suspension responses to harmonic, continuous random and transient excitations. The response characteristics of the seats under random and transient excitations are evaluated in accordance with the measures defined in ISO 2631-1 (1997) for assessing human exposure to vibration and shock, and to follow up on procedures already introduced to assess the attenuation performance of suspension seats (Wu et al., 1999; McManus et al., 2002) . The relative performance characteristics of selected suspension seats, and influences of variations in the design and operating parameters are evaluated on the basis of the frequencyweighted rms (root mean square) accelerations (a ws ),vibration dose value (VDV sw ), seat effective amplitude transmissibility (SEAT), VDV ratio, and peak acceleration of the seated mass (a psw ). The frequency-weighting W k whose transfer function is defined in ISO 2631-1 (1997) within the pass-band of 0.4-100 Hz, is applied to the response acceleration time histories, , to compute the above measures. On the basis of the resulting frequency-weighted acceleration time histories of the seat mass and the base, and , the defined performance measures are computed from:
Frequency-weighted rms acceleration of the seat and the base:
(1)
Vibration dose value of the seat and the base:
(2)
Peak acceleration of the seat and base:
(3)
In the above, T corresponds to the total integration time of acceleration time histories. a wb and VDV bw represent the frequency-weighted rms acceleration and vibration dose value, respectively, due to base excitation. The durations of the time traces for the analyses were fixed to 15 seconds for the tests under transient excitation and 60 s for the tests involving continuous random excitations.
The shock and vibration transmission performance characteristics of the suspension seats are evaluated in terms of SEAT and VDV ratios, defined as:
The performance measure in terms of VDV ratio is considered to be more appropriate for assessment of suspension seats under high magnitude excitations, as it tends to emphasize the contributions due to short duration high acceleration events that may arise from impacts with the elastic buffers. The severity of the end-stop impacts is also assessed in terms of the peak force developed by the compression and extension buffer forces.
RESULTS AND DISCUSSIONS 3.1 Influence of Seated Mass and Ride Height
In addition to the magnitude and frequency components of the excitation, the variations in the operating conditions may affect the suspension seat performance VDV dt
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considerably. These include the variations in the seated body weight and seat height adjustment. The suspension seats invariably provide ride-height adjustment, either automatic or manual, to accommodate a large range of seated weight. Among the selected seats in this study, the suspension seat C is equipped with an automatic height adjustment mechanism, while the seats A and B require manual adjustment of the ride-height. The suspension seats may cause more severe and frequent impacts with the bump stops when the height adjustment is different from the midride. Furthermore, the height adjustment in the air suspension seats is realized by varying the air pressure of the airbag, which may alter the suspension stiffness and thus the natural frequency with variations in the seated weight. The measured forcedeflection properties of the suspension seats suggest linear suspension spring rate for seat B, and hardening and softening spring rate for seats A and C (Rakheja et al., 2003) . A lower seated weight may thus yield increased natural frequency for seat B, while the variation in the natural frequency of seats A and C could be small.
Although the variations in effective travel due to inadequate ride-height adjustment and in natural frequency with seated body weight are important factors that could affect the suspension seat performance, the reported models of suspension seats are considered inadequate for performance analyses under such conditions (Boileau et al., 1997; Wu, 1998; Gunston, 2000; Rebelle, 2000; Rakheja et al., 1994; Griffin, 1990) . The standardized test method outlined in ISO-7096 (2000) requires performance analyses under two different body weights, 52 to 55 kg and 98 to 103 kg, where approximately 73% of the body weight is supported by the seat (Wu, 1998) . The generalized analytical model proposed in the first part can be effectively applied to study the influence of such variations; its validity under variations in the above operating conditions is initially examined under selected excitations.
Laboratory experiments were performed with each seat loaded with a rigid mass to assess their performance under a range of excitations, two different loading conditions (44 kg and 77 kg) and three different ride height settings (mid-ride, and 25 mm below and above the mid-ride). The excitations included: (i) sinusoidal motion swept in the 0.625 to 10 Hz range at a rate of 1 octave/minute (25 mm displacement amplitude in the 0.625 to 2 Hz range, and constant 3.95 m/s 2 acceleration amplitude above 2 Hz); (ii) continuous random vibration spectra of an urban bus (referred to as 'BUS') predominant in the 1.5 Hz band and class I earthmoving machinery predominant in the 2 Hz band (referred to as 'EM1'); (iii) EM1 excitation amplified by 150% (referred to as 'EM1A'); and (iv) a transient excitation, as described in the first part of the work (Rakheja et al., 2003) . It should be noted that the height variations were not considered for seat C with the automatic leveling mechanism. The analytical model is analyzed under the same conditions, and swept sinusoidal and continuous random (EM1 and BUS) excitations, and the results are compared with those attained from experiments. Figure 2 illustrates a comparison of seat acceleration transmissibility characteristics of suspension seat B derived from the model and the experimental data corresponding to three different height adjustments. The results are presented for seat mass of 77 kg subject to swept sinusoidal excitation. The results show that the model continues to yield reasonably good trends with the measured data, when the suspension is adjusted to 25 mm below or above the mid-ride. The adjustments considered in the study did not cause interactions with the end-stops under selected harmonic excitation. Both adjustments, below and above the mid-ride, yield relatively lower acceleration transmissibility magnitudes at low frequencies and around the resonant frequency, when compared to those attained under mid-ride height. The responses corresponding to all adjustments, however, converge to comparable values at frequencies above 2 Hz. The lower responses at low and resonant frequencies of the suspension adjusted to below and above the mid-ride are most likely attributable to higher friction of the suspension mechanism, as evident from the measured data presented in the first-part of the work (Rakheja et al., 2003) . Figure 3 illustrates the comparison of simulation and measured results for seats A and B, respectively, under the EM1 excitation and seat mass of 77 kg. The results presented in terms of power spectral density (PSD) of seat mass acceleration show Vol. 23 No. 1 2004 S. Rakheja, P.É. Bioleau and Z. Wang reasonably good agreements between the simulation results and the measured data, irrespective of the seat position and the type of seat considered. The PSD of acceleration response of the mass supported on the seat adjusted to mid-ride position is also illustrated. The response of seat A reveals higher peak value when adjusted to 25.4 mm below the mid-ride, as observed in Fig. 3(a) , which is attributed to interactions with relatively high stiffness compression end-stop and hardening effect of the gas damper. The peak acceleration PSD response of suspension seat A adjusted to 25.4 mm above the mid-ride is also higher than that attained under mid-ride, while the increase is relatively smaller. The acceleration responses under below and above mid-ride adjustments also show predominance of mass acceleration at a slightly lower frequency, which could be attributed to the softening and hardening properties of the suspension spring. Such variations in the predominant frequency are not evident from the acceleration PSD responses of seat B, which exhibits nearly constant spring rate. Both the experiments and simulation results obtained for this seat show only slight variations in the responses, irrespective of the ride-height. Considering that the EM1 excitation predominates in the frequency range, which is higher than the natural frequency of both seats (1.13 Hz for seat A and 1.25 Hz for seat B), the end stop impacts would be less severe. Figure 4 illustrates the comparisons for both seats (A and B) under BUS excitation predominant in the 1.5 Hz band. The results show very good agreements between the simulation and measured results for the different seat height conditions considered, and thus demonstrate the effectiveness of the model under variations in the suspension ride height. The seat A with its lower natural frequency reveals slightly higher peak response when adjusted.to 25.4 mm below the mid-ride, as observed under EM1 excitation. The seat B with its natural frequency close to the predominant excitation frequency shows higher peak response, when adjusted to 25 mm above mid-ride, due to interactions with the extension bump stop.
Figures 5 and 6 show the validity of the model under two different seat masses (44 and 77 kg) for seats B and C subject to continuous random excitations EM1 and BUS, respectively. It should be noted that the results attained for m o =77 kg are repeated for the sake of more clear comparisons. The figures show reasonably good agreements between the simulation and test results for the two seat masses and excitations considered, with the exception of seat C loaded with a 77 kg mass. The trends observed from the results suggest that the influence of seated mass on the suspension performance is a complex function of the suspension properties and the nature of excitation. Seat B with its near constant suspension spring rate yields 
Figure 3
Comparisons of measured and computed acceleration PSD responses of suspension seats A and B adjusted to 25 mm above and below mid-ride, and subject to EMI excitation (m o =77 kg).
similar peak magnitudes of acceleration PSD responses for both masses under the EM1 excitation ( Figure 5a ). A slight increase in the natural frequency under 44 kg mass is evident under BUS excitation, which results in larger acceleration PSD response as the frequency approaches closer to the dominant frequency of the BUS excitation ( Figure 6a ). The peak acceleration PSD responses of seat C under both excitations, however, are considerably lower with lower seat mass, which is attributed to its lower effective spring rate and higher damping ratio under lower seat mass. The results clearly show the validity of the model under different seat masses, and that the suspension performance under different operator masses strongly relies upon the force-deflection characteristics of the suspension spring. The progressively hardening and softening force-deflection properties of the suspension springs would be desirable to minimize the variations in the suspension natural frequency with the operator mass. The validated model is applied to further investigate the influence of seated mass on the performance characteristics of suspension seats subject to standardized random excitations of an urban bus and transient excitation adjusted to coincide with the measured natural frequency of the seat (Rakheja et al., 2003) . The analyses are performed for three body masses: 55, 75 and 90 kg, the mass range suggested in ISO-5982 (2001) . The response characteristics of the suspension systems are evaluated and compared in terms of their SEAT and VDV ratio values under continuous random and transient excitations, respectively. A transient excitation, synthesized from the measured vertical acceleration response of a bus under a typical pothole input, was used to study the responses under excessive relative motion of the suspension and interactions with the elastic buffers. The sampling rate of the synthesized time history was varied, such that the fundamental oscillation frequency of the waveform coincided with the natural frequency of the candidate seats, while the peak magnitudes were selected to induce impacts with the end-stops for the seat loaded with nominal mass of 77 kg. Figure 7 illustrates the displacement time histories used for analysis of the three seats. The peak magnitudes of 74, 55 and 55 mm were selected for seats A, B and C, respectively, in order to induce interactions with the end-stops. Equation (2) was used to compute the VDV values corresponding to these excitations, which were obtained as 1.68, 1.50 and 1.59 ms −1.75 , respectively. Figure 8 illustrates the SEAT and VDV ratio for the three suspension seats subjects to random (BUS) and transient excitations, respectively, as a function of the seated mass, while adjusted to mid-ride. The results show that both the response measures increase with increasing body mass, irrespective of the excitation. The seat C yields highest values for SEAT and VDV ratio under random excitation, which would be attributable to its relatively higher natural frequency (1.36 Hz) that lies in the vicinity of the dominant frequency of exciation (1.5 Hz). Seat A with lowest natural frequency yields lowest responses under random BUS excitation for 55 and 75 kg seat mass, but reveals considerably higher sensitivity to variations in the body mass. The seat C responses appear to be less sensitive to body mass variation, which may be attributed to its hardening and softening properties and auto-leveling feature. Under transient excitations, the seat A encounters more severe impacts as evident from its high VDV ratio responses, which is attributed to its very light damping and relatively stiff end-stops. The seat B offers highest suspension damping and soft end-stops, thereby the lowest VDV ratio response under transient excitation.
The results clearly suggest that high suspension damping and soft end-stops reduce the severity of end-stop impacts. Figure 9 presents the influence of ride height on the SEAT and VDV ratio responses of seats A and B subject to random (BUS) and transient excitation, with m o = 75 kg. The results are presented for mid-ride, 25 mm above mid-ride and 25 mm below mid-ride settings. A change in the suspension ride height could cause impacts with either the compression or extension or both buffers, and thus yield higher SEAT and VDV ratio values. Both seats exhibit higher response values when the suspension is adjusted to either 25 mm above or 25 mm below the mid-ride, 
Influence of Suspension Parameters
The dynamic performance of a suspension seat subject to high intensity excitations is most significantly influenced by the suspension damping properties and the elastic properties of the bump stops. The influence of variations in these parameters on the defined performance measures, namely SEAT, VDV ratio, and peak acceleration of the seat mass are evaluated, and the results are discussed to establish some design guidelines for suspension seats under high intensity excitation. The analyses are thus performed under the amplified EM1A excitation under the conditions involving interactions with either top/bottom or both bumps, which are realized by varying the ride height in the simulation cases. The results attained under three different ride heights (mid, and 25 mm above and below mid-ride) for each seat subject to EM1A excitation are examined to identify the simulation cases involving bump stop interactions for the parametric study. The results revealed that under the EM1A excitation seat A encounters impacts against both top and bottom buffers when adjusted to mid-ride, while the seat B revealed such impacts when adjusted to 25 mm above mid-ride. Owing to the automatic leveling feature of seat C, the study for this seat was limited to mid-ride setting only, which revealed impacts against the bottom buffer alone. The influence of variations in selected suspension design parameters are performed for the identified cases: mid-ride for seats A and C, and 25 mm above mid-ride for seat B. The acceleration responses of the seat mass are evaluated to derive: unweighted and frequency-weighted rms accelerations, VDV and peak accelerations; SEAT and VDV ratio, as described in EQ (1) to (4), while the simulation time is chosen as 60 s. The severity of the bump stop impact is further evaluated in terms of the peak forces developed by the compression and extension buffers. 
Suspension damping
Where C c1 is the low-speed compression damping, γ c and γ e are the damping reduction/variation factors in compression and rebound, respectively, and p is the asymmetry factor (ratio of low-speed rebound to the compression damping coefficients). The transition velocities in compression and rebound, where the transition occurs from high to low damping coefficient, are represented by v c1 and v e1 , respectively. The instantaneous inclination angle of the damper α is related to initial angle α 0 , vertical height at mid-ride or static equilibrium H 0 , suspension relative displacement y s , and horizontal projection of the attachment points of the damper, P (Figure 1) :
The dampers employed in the three seats offer distinctly different damping characteristics. The nominal values derived from the measured data (Table 1) show that seat A damper yields linear damping, while the seat B damper offers two stage damping in compression and single stage damping in rebound. The compression damping is reduced to nearly 40% (γ c ) at velocity greater than 0.115 m/s, while the rebound damping is considerably lower than the compression damping ( p = 0.788). Unlike seat B damper, the seat C damper reveals considerably higher rebound damping and damping amplification at higher velocities. Furthermore, the suspension seat A damper offers very light damping, the seat B damper offers the highest damping at low velocity and seat C offers higher damping at higher velocities. The suspension performance under high magnitude excitations is known to be strongly dependent upon these damping parameters. The influences of variations in the damping parameters on the performance measures of the suspension seats are thus investigated by varying the low-speed compression damping coefficient C c1 , the asymmetry factor p and the reduction factors, γ c and γ e . The variations are limited to either ±25% except for p, which is varied by ±50% of the nominal values summarized in Table I . It is evident from EQ (5) that a change in C c1 would also lead to proportional variations in low and high speed damping coefficients in compression and rebound, while the variation in p, and γ c and γ e , affect the rebound, and high-speed damping coefficients, respectively. Such variations would also introduce a second damping stage for the seat A damper in both compression and rebound, and for seat B damper in rebound. The influences of variations in the damping parameters on the defined performance measures for the three seats subject to EM1A excitation are summarized in Tables II to IV, respectively, where a single design parameters is varied at a time.
The variations in C c1 cause most important influences on the performance measures, since it represents the change in the entire velocity range. The results presented for seat A suggest most significant potential for improvement in all the performance measures when C c1 is increased, which is attributed to its low nominal damping. A 25% increase in C c1 could yield nearly 11% lower SEAT and VDV values, and frequency-weighted seat mass acceleration (a psw ). The most significant reduction is observed in the compression bump force, in the order of 74%. The results clearly suggest that higher suspension damping is desirable to control the transmission of high intensity vibration caused by interactions with the bump stops. A too high a value, however, may impede the isolation efficiency of the suspension.
An increase in the rebound damping, represented by the asymmetry factor p, also yields reductions in the performance measures, although the reductions are less significant when compared to those attained with higher C c1 . Higher rebound damping, however, effectively reduces the severity of impacts against both the top and bottom buffers, and thus yields 18% lower value of a psw , while the peak top and bottom buffer forces are 11% and 33% lower, respectively. The reduction in the bottom buffer force is attributed to lower suspension velocity following the impact against the top buffer. Increasing the reduction factors, γ c and γ e , yields higher high-speed damping coefficients, and thus lower values for all the performance measures, as evident from Table I . Higher rebound damping at higher velocities appears to be more desirable for all the performance measures.
The seat B suspension offers considerably higher damping at lower speeds, which tends to be considerably lower at higher speeds in compression. The rebound damping also tends to be lower ( p = 0.788). An increase in C c1 yields lower values of all performance measures and entirely eliminates the impacts against the bottom bump stop. The relative reductions in the performance measures, however, are far less than those attained for seat A, which is attributed to the high nominal damping of seat B. A 25% increase in C c1 could yields less than 5% decrease in the VDV value, while the SEAT value remains almost unchanged. Absence of interactions with the bottom buffer caused by higher damping results in nearly 14% reduction in a psw . Increasing the rebound damping (p = 1.18) also reveals similar effect on the performance measures, while the severity of the end-stop impacts decreases considerably. The top and bottom buffer forces are approximately 42% and 61% lower than those attained for the nominal damping. A 25% increase in the high-speed compression damping yields only little effect on the performance measures, except for the bottom buffer force, which tends to be almost 57% lower. A similar increase in the high-speed rebound damping (γ e ) offers significant potential to reduce the severity of impact with the top buffer. The top buffer force reduces by approximately 86%, while only little benefit is observed in SEAT and VDV ratio.
The seat C suspension damping at low speeds in compression is also considerably higher than seal A but lower than seat B. The corresponding damping in rebound, however, is similar to that of seat B (p = 1.412), while the high-speed damping  Table II coefficients are significantly higher (γ c = 4.375 and γ e = 2.83). A further increase in C c1 yields only minimal reductions in the performance measures. A lower value of C c1 yields slightly higher values of the performance measures, and induces impacts against the top buffer, which were absent with the nominal damping. A reduction in rebound damping, realized by reducing the asymmetry factor by 50%, results in more important improvement in the majority of the performance measures. Lower rebound damping also induces impacts against the top buffer. The results show that higher high-speed compression damping and lower high-speed rebound damping could help reduce the values of the performance measures only slightly.
End-stop stiffness
The three suspension seats comprise end-stops with considerably different elastic properties, as evident from Table I . The elastic end-stops in-general exhibit progressively hardening stiffness property, which can be characterized in a piecewise linear manner (Rakheja et al., 2003) . The force-deflection relationship for the elastic end-stops is thus described as: (7) where k c1 and k c2 are the linear stiffness coefficients of the bottom buffer during compression corresponding to low and high deformations represented by piecewise linear segments. k e1 and k e2 are the corresponding coefficients of the top buffer. The variables d b m and d t m represent the maximum deformation of the buffers, and h c1 and h e1 are the transition displacements for the top and bottom buffers, respectively.
The bottom end-stops employed in seat A exhibit lower stiffness under low deformation but very high stiffness when the deformation exceeds 9 mm. The top end-stops in this seat yield constant medium-high stiffness. Both the top and bottom end-stops in seat B are very soft under low deformations, but yield medium-high stiffness under large deformations. The seat C comprises thicker end-stops with relatively high two-stage stiffness, while the stiffness of the top end-stop is similar to that of seat A. Reported studies have shown that the suspension performance under high intensity excitations that induce interactions with the buffers could be enhanced by using soft and thick buffers with lower stiffness corresponding to low-deformations Rebelle, 2000) . The influence of variations in the low deformation stiffness constants k c1 and k e1 of the end-stop on the performance of suspension seats is thus investigated. The simulations were performed for three different values of k e1 and k e1 : 25%, 50% and 200% of the nominal, for all seats, with the exception of seat C, where the variations are limited for k c1 alone. The effect of variations in the high-deformation stiffness of the compression bump is investigated for seat A alone, where the ratio k c2 /k c1 is varied by ±25%.
The results, summarized in Tables II to IV for the three seats, suggest that softer end-stops in general can improve the suspension performance, specifically the severity of the impact as expressed in terms of the buffer forces and the peak mass acceleration. Soft end-stops offer considerable potential for improvement for seat A with medium-hard end-stops. The SEAT and VDV ratio are approximately 12% lower when the low-deformation compression bump stiffness (k c1 ) is reduced to 25% of the nominal. The corresponding reductions in the unweighted and frequency-weighted peak mass acceleration (a ps , a psw ), and the compression bump force are 29.6%, 14.6% and 70.6%, respectively. The corresponding reductions in the extension bump stiffness yield 13.6% and 14.6% lower values of SEAT to 25% of the nominal values lowers the bump stop forces and the peak mass acceleration a ps , notably. The corresponding change in the a psw , however, is negligible due to the nature of the weighting filter. Similar reductions in k c1 for seat C, however, offer minimal reductions in the SEAT and VDV ratio responses, even though it employs medium-hard buffers. Lowering k c1 to 25% of the nominal value yields nearly 35% and 76% reductions in the a ps and peak bottom buffer force, which are comparable to the gains observed for seat B. The potential performance gains attributed to soft buffers for seat C are offset by its relatively higher high-speed damping coefficients. Furthermore, softening the compression buffer induces slight impacts with the extension buffer, which is caused by the mass acceleration during rebound as the spring energy is released.
Design Guidelines
The results attained from parametric analyses of three suspension seats with considerably different damping and buffer properties could provide some general design guidelines for the suspension seats. The results suggest that higher suspension damping (C c1 ) is beneficial in reducing the severity of the end-stop impacts, as evident in Tables II to IV . This is most apparent for seat A, whose nominal damping is very light. Too high a suspension damping, however, does not offer any benefits in view of the isolation effectiveness, as evident from the SEAT and VDV ratio responses of seats B and C. The results further show that high rebound damping is desirable for enhancing the isolation and bump-stop performance of the suspension. This is evident from the results attained for seat A with symmetric nominal damping and seat B with lower nominal rebound damping ( p = 0.788). High rebound damping coupled with relatively higher high-speed damping, as in the case of seat C, could impede the suspension performance. The end-stop impacts cause high suspension velocity, and require higher damping at higher velocities to reduce the magnitude of resulting mass acceleration. The results clearly show that higher values of highspeed damping coefficient would be desirable. Too high coefficients however could deteriorate the performance as is evident for seat C. Elastic buffers with low stiffness corresponding to low deformation are vital to minimize peak mass acceleration and the resulting VDV values. The performance characteristics of the suspension seats are further evaluated using the most favorable parameters and the above general guidelines. These favorable parameters are identified from the results of the parametric study and indicated in italics with an asterisk in Table II to IV. The tables also present the performance measures derived upon combining the favorable parameters. The results clearly show that the selected favorable design parameters for seat A could enhance the SEAT performance by 19%, VDV ratio by 33%, a ps , by 59%, a psw , by nearly 42%, while the impacts with the bottom buffer are eliminated. The reductions in SEAT, VDV ratio, a ps , a psw , and for seat B are 7.5%, 9.4%, 33.5%, 41.8%, 98.2% and 74%, respectively. The seat C with favorable design parameters also yields 7.6%, 11.4%, 35.4%, 24.4% and 76% lower values of SEAT, VDV ratio, a ps , a psw , and . A lower value of γ e for this seat, however, induces slight impacts with the top buffer, which was not present for the nominal suspension seat.
Conclusions
The influences of selected suspension design and operating parameters on the performance of three different suspension seats under high magnitude excitations are investigated. The effectiveness of the generalized model in assessing the influence of variations in operating parameters, namely the seated mass and the ride height, is initially examined by comparing the laboratory-measured responses with the simulation results under harmonic, transient and continuous random excitations. From the results, it was concluded that the proposed model could be effectively applied to assess the effects of variations in the operating parameters. The suspension seat performance in general deteriorates with increasing seated mass under both transient as well as continuous random excitations. Linear suspension springs also yield slight lower natural frequency with increasing seated mass. A suspension seat adjusted to either below or above the mid-ride yields poor vibration and shock isolation performance, as evident from the SEAT and VDV ratio measures. This is attributed to lower effective travel and possible interactions with the elastic buffers, and increased suspension friction. The influences of variations in suspension design parameters considered to influence the performance under high excitations, namely the suspension damping and elastic properties of the buffers, were/investigated for all three seats. Such influences are assessed in terms of seat effective amplitude transmissibility (SEAT ), vibration dose values (VDV ), peak acceleration of the seated mass and buffer forces. The results suggest that higher suspension damping over the entire velocity range, and higher rebound damping would be beneficial in reducing the severity of the end-stop impacts and enhancing the vibration isolation effectiveness, while too high a damping offers only minimal benefit in view of the isolation effectiveness. Increasing the high speed damping coefficients could enhance the end-stop impact performance of the suspensions, as the impacts invariably cause high suspension velocity. The results further suggest that end-stops with low stiffness corresponding to low deformation are vital to minimize peak mass acceleration and the VDV.
Increasing the suspension damping coefficient, damping asymmetry and high speed damping coefficients in compression and rebound, and reducing the end-stop stiffness for seat A resulted in 19% lower SEAT, 33% lower VDV ratio and 42% lower frequency-weighted peak mass acceleration. The seats B and C with higher nominal damping, however, provided relatively smaller gains. Corresponding reductions in SEAT, VDV ratio and peak acceleration for seat B were 7.5%, 9.4% and 33.5%, respectively, and those for seat C were 7.6%, 11.4% and 24.4%. The seat C, however, required reduction in the high-speed rebound damping, whose nominal value was quite high.
